ABSTRACT Dynamic light scattering (DLS) has been used to assess the influence of eleven different synthetic peptides, comprising the calmodulin (CaM)-binding domains of various CaM-binding proteins, on the structure of apo-CaM (calciumfree) and Ca 2ϩ -CaM. Peptides that bind CaM in a 1:1 and 2:1 peptide-to-protein ratio were studied, as were solutions of CaM bound simultaneously to two different peptides. DLS was also used to investigate the effect of Ca 2ϩ on the N-and C-terminal CaM fragments TR1C and TR2C, and to determine whether the two lobes of CaM interact in solution. The results obtained in this study were comparable to similar solution studies performed for some of these peptides using small-angle x-ray scattering. The addition of Ca 2ϩ to apo-CaM increased the hydrodynamic radius from 2.5 to 3.0 nm. The peptides studied induced a collapse of the elongated Ca 2ϩ -CaM structure to a more globular form, decreasing its hydrodynamic radius by an average of 25%. None of the peptides had an effect on the conformation of apo-CaM, indicating that either most of the peptides did not interact with apo-CaM, or if bound, they did not cause a large conformational change. The hydrodynamic radii of TR1C and TR2C CaM fragments were not significantly affected by the addition of Ca 2ϩ . The addition of a target peptide and Ca 2ϩ to the two fragments of CaM, suggest that a globular complex is forming, as has been seen in nuclear magnetic resonance solution studies. This work demonstrates that dynamic light scattering is an inexpensive and efficient technique for assessing large-scale conformational changes that take place in calmodulin and related proteins upon binding of Ca 2ϩ ions and peptides, and provides a qualitative picture of how this occurs. This work also illustrates that DLS provides a rapid screening method for identifying new CaM targets.
INTRODUCTION
Calmodulin (CaM) is a small, acidic intracellular calcium receptor protein that has been studied extensively. This ubiquitous protein is implicated in the regulation of many Ca 2ϩ dependent-signaling pathways in eukaryotic cells, and is a well-known secondary messenger (Vogel, 1994; James et al., 1995; Ikura, 1996) . It consists of 148 amino acid residues arranged in the shape of a dumbbell, with two globular domains joined by a flexible central linker region. Crystal structures indicate that the linker region of Ca 2ϩ -CaM is ␣-helical (Babu et al., 1988) but nuclear magnetic resonance (NMR) spectroscopy studies show that the central part of this linker region is unstructured in solution (Barbato et al., 1992) . The apo structure of CaM reveals a reorientation of the ␣-helices within each lobe. However, the overall flexible dumbbell structure is preserved (Kuboniwa et al., 1995; Zhang et al., 1995a) . Each domain or lobe of CaM comprises two helix-loop-helix motifs (EF hands) with the potential to bind two Ca 2ϩ ions per lobe ( Fig. 1 A) . A small ␤-sheet connects the two Ca 2ϩ binding loops. Calcium ions bind with the highest affinity to the carboxy (C)-terminal domain (K d ϭ 10 Ϫ7 M) and more weakly to the amino (N)-terminal lobe (K d ϭ 10 Ϫ6 M) (Thulin et al., 1984; Vogel, 1994; James et al., 1995) . The binding of the Ca 2ϩ ions causes a large conformational change resulting in elongation of CaM in solution (Seaton et al., 1985) and the exposure of two hydrophobic patches, one centered on the concave surface of each cup-shaped lobe (Crivici and Ikura, 1995; Yuan et al., 1999a) . These hydrophobic patches play an integral role in the binding of CaM to its target proteins and peptides, along with the negatively charged residues at the rims of the lobes (O'Neil and DeGrado, 1990) . The majority of the CaM-binding domains of CaM-binding target proteins are short contiguous regions, 15-30 amino acids in length, that have a propensity to form basic amphiphilic ␣-helices (Vogel and Zhang, 1995; Crivici and Ikura, 1995) . When bound to Ca 2ϩ -CaM, generally in a 1:1 complex, these targets induce a collapse of the dumbbell-shaped CaM structure around the target, causing it to form a compact globular structure ( Fig.  1 B) and activating the CaM-binding protein. Two notable exceptions are peptides derived from the CaM-binding domains of caldesmon (CaD) and a peptide encompassing the C-terminal region of petunia glutamate decarboxylase (PGD). The CaD peptides are distinctive in that two different peptides can bind to Ca 2ϩ -CaM simultaneously (Zhou et al., 1997; Krueger et al., 2000) . The PGD peptide is unusual because it forms a 2:1 peptide-protein complex with Ca 2ϩ -CaM, and it is also atypical because it contains five negatively charged residues (Yuan and Vogel, 1998) . In certain cases, two CaM molecules may be required for the activation of the CaM target protein. This is exemplified by the CaM binding domains of small-conductance Ca 2ϩ -activated K ϩ membrane channels, which require the binding of two CaM molecules for the modulation of the gating mechanism (Schumacher et al., 2001) . Most target proteins are not activated in the absence of Ca 2ϩ (Crivici and Ikura, 1995) . The CaM-binding proteins tend to be quite large and multimeric, making it often difficult to study their interaction with CaM at the molecular level. For this reason, synthetic peptides comprising the CaM-binding domain of the proteins are useful substitutes to study the interaction of CaM with its targets. In many instances it has been shown that the affinity of CaM for the peptide and the target protein from which it is derived is very similar (Vogel, 1994; Crivici and Ikura, 1995) .
Calmodulin-peptide interactions
To date, over 80 different CaM targets have been identified, including protein kinases and phosphatases (e.g., calmodulindependent protein kinases I and II (CaMKI, CaMKII), skeletal-muscle myosin light chain kinase (skMLCK), smoothmuscle myosin light chain kinase (smMLCK) and calcineurin) and proteins involved in the regulation and generation of second messengers, such as nitric oxide synthases and cyclic nucleotide phosphodiesterase (PDE) (Vogel, 1994; Vogel and Zhang, 1995) . Although most CaM target peptides are hydrophobic and basic, they possess no significant amino acid sequence homology. Ca 2ϩ -CaM is capable of binding a diverse range of peptides with very high affinity (K d ϭ 10
Ϫ11 M) (Crivici and Ikura, 1995) . Several features intrinsic to CaM are believed to be important for peptide binding. The first structural characteristic of CaM crucial for the association of Ca 2ϩ -CaM with peptides is the flexibility of its ␣-helical linker region. This interconnecting region acts as a hinge, enabling the two globular lobes of CaM to wrap around targets of diverse lengths and dimensions, to varying degrees (Crivici and Ikura, 1995) . It is also capable of unwinding to differing extents to facilitate binding with various target proteins. The distance between the two lobes of CaM is dependent upon the positioning of the hydrophobic anchors on the target peptide and upon the length of the peptide helix. Another key property of CaM is its unusually high content of methionine (Met) residues (9 in total). Met residues are flexible and hydrophobic, and contain a highly polarizable sulfur atom. Met residues can readily adjust their conformations to optimize the binding of the different target ␣-helices via hydrophobic interactions (Gellman, 1991; Yuan et al., 1999a) . Though the interactions between the peptide and CaM are primarily hydrophobic in nature, electrostatic interactions also play a significant role. This is evident from the interactions between several glutamic acid residues of both the N-and C-terminal domains of CaM with the basic residues of the target, forming salt bridges .
Calmodulin-peptide complexes, CaM fragments and light scattering
Various studies have been conducted regarding Ca 2ϩ -CaMpeptide interactions. Structures of the skMLCK and CaMdependent protein kinase kinase peptides complexed with Ca 2ϩ -CaM have been solved using NMR Osawa et al., 1999) , whereas the structures of the smMLCK and the CaMKII peptide fragments complexed with Ca 2ϩ -CaM have been solved by x-ray crystallography (Meador et al., 1992 (Meador et al., , 1993 . Additionally, a number of CaM-peptide complexes and a CaM-protein complex have been studied using small-angle x-ray or neutron scattering (SAXS), demonstrating that SAXS is an excellent tool for obtaining detailed structural information (Seaton et al., 1985; Trewhella et al., 1990; Yoshino et al., 1993 Yoshino et al., , 1996 Trewhella, 1997; Trewhella and Krueger, 2001; Izumi et al., 2001) .
Recently, a noninvasive and nondestructive technique has gained popularity for exploring size and shape properties of macromolecules in solution (Murphy, 1997) . Dynamic light FIGURE 1 (A) X-ray structure of Ca 2ϩ -CaM determined at 2.2-Å resolution by Babu et al., 1988. (3CLN) . (B) NMR structure of the complex of Ca 2ϩ -CaM with the skMLCK peptide. The hydrophobic channel formed by the terminal domains of CaM that enclose the target peptide is shown (2BBM).
scattering (DLS) is a technique that measures the diffusion coefficient of a particle in solution and hence the hydrodynamic radius obtained from DLS is generally calculated based on a spherical approximation. The major advantages of light scattering over other techniques yielding structural information include the extremely short time required to obtain data, the modest amounts of protein required (1-10 mg/mL) in very small sample volumes (12 L per cuvette), and its relative simplicity and accessibility to most researchers. Structural information about particles 1-1000 nm in size can be obtained (Murphy, 1997) . The primary concern with light scattering is that it is extremely sensitive to small amounts of aggregation or the presence of dust particles. The strength of DLS is its ability to act as a rapid screen of major conformational changes in proteins or protein complexes in solution. These proteins can then be further evaluated by techniques such as NMR or SAXS, which provide more detailed shape and structural information.
In this work, DLS was used to examine several CaMpeptide complexes, as well as the two CaM fragments TR1C (residues 1-75) and TR2C (residues 78 -148). Combinations of the CaM fragments were also studied in the presence and absence of the CaMKI peptide. The hydrodynamic radius of each complex or fragment was determined both in the absence (apo form) and presence of Ca . Eleven different synthetic peptides were used, each representing the CaM-binding region of different CaM-binding proteins. Such peptides are known to form complexes with CaM that closely resemble its interaction with the intact target proteins, as has been demonstrated for CaMKI, for example (Gomes et al., 2000; Kranz et al., 2002) . The eleven peptides used in this study can be divided into three classes, based on the stoichiometry of their interactions with CaM. The first class consists of seven peptides, which bind CaM in a 1:1 ratio. These peptides correspond to the CaM binding regions of skMLCK , constitutive nitric oxide synthase (Zhang and Vogel, 1994; Zhang et al., 1995b) , PDE (Yuan et al., 1999b) , simian immunodeficiency virus glycoprotein gp41 (C837S) (Yuan et al., 1995; Yuan et al., 2001) and CamKI (Gomes et al., 2000) , and include the N-and C-terminal segments of melittin, MLN and MLC (Yuan et al., 2002 , submitted for publication). The three fragments derived from the two CaM binding domains of the protein CaD make up the second class. These peptides not only bind CaM in a 1:1 ratio, but the different fragments may be capable of binding CaM simultaneously (Zhou et al., 1997 , Krueger et al., 2000 . A third class of CaM-peptide interactions comprises a peptide from the CaM binding region of the C-terminus from PGD. The PGD peptide is unique in that it forms a 1:2 protein-peptide complex with CaM (Yuan and Vogel, 1998) .
The aim of this work was to investigate the conformational changes in CaM when bound to these various peptides in the presence and absence of Ca 2ϩ . We have also used DLS to study potential interactions of proteolytic fragments of CaM in solution. This work is significant because it portrays a qualitative picture of how the conformation of CaM is changing upon binding to target peptides. This characteristic alteration that occurs in CaM upon binding to its targets demonstrates that DLS can be used as a rapid screen for CaM targets. This work is also important because it illustrates that DLS can be successfully applied to study peptides that utilize novel stoichiometry and can therefore be used to study multiple binding sites on proteins.
MATERIALS AND METHODS

Protein Purification
Calmodulin was cloned and overexpressed from the Escherichia coli strain MM294 (obtained from the E. coli genetic stock center at Yale University) transformed with the temperature-sensitive pCaM plasmid (from Dr. T. Grundström, University of Umea, Sweden). Purification of CaM was performed as described by , using calcium-dependent chromatography on phenyl-Sepharose (Vogel et al., 1983) . The purity was assessed using SDS-polyacrylamide gel electrophoresis (4% stacking gel, 15% separating gel), and its concentration was determined using the absorption coefficient of ⑀ 276 1% ϭ 1.8. The TR1C fragment, consisting of residues 1-75 of CaM, was cloned and overexpressed from E. coli, whereas the TR2C fragment (residues 78 -148) was obtained by trypsin digestion of CaM (Vogel et al., 1983; Fabian et al., 1996) .
Peptides
The majority of the peptides were custom synthesized at the Peptide Synthesis Facility at Queen's University, (Kingston, ON, Canada), with the exception of C837S and PGD. They were Ͼ95% pure as judged by HPLC. The mass spectrum of all the peptides agreed to within one Da of the expected mass. C837S was obtained from the Peptide Synthesis Facility at the University of Pittsburgh (Pittsburgh, PA), whereas the PGD peptide was purchased from the University of Calgary Peptide Synthesis Facility (Calgary, AB, Canada). Their amino acid sequences and protein origins are listed in Table 1 .
Sample preparation for static light scattering and data acquisition
To determine the aggregation state of CaM in solution, CaM solutions of varying concentrations were prepared and analyzed by static light scattering. Apo-CaM was dissolved in a solution of 100 mM Tris-HCl, 100 mM KCl at pH 7.4. The 8.4 mg/ml stock solution of apo-CaM was then diluted with a 100 mM Tris-HCl, 100 mM KCl (pH 7.4) buffer, resulting in CaM concentrations of 6.9, 6.7, 5.9, 5.0, 4.2, 3.4, 2.5, and 1.3 mg/ml. Each sample was passed through a 0.02-m, 13-mm Whatman anodisc and 12 L was loaded into a quartz cuvette, then placed into the DynaPro MSTC light scattering instrument. Laser light with a wavelength of 827.6 nm was used, and intensities were measured at an angle of 90°. Data were collected at 20°C, and then analyzed using a Zimm plot as implemented in the DynaPro static light scattering software (DYNAMICS). Toluene was used as a reference. A refractive index increment of the sample molecules (dn/dc) of 0.19 was used, and the partial specific volume of CaM used was 0.73 mL/g (Squire and Himmel, 1979) , a value typical of globular proteins. CaM has a theoretical molecular weight of 16,702.
Sample preparation for dynamic light scattering
Several different CaM-peptide solutions were prepared and analyzed by DLS. The apo-CaM ϩ peptide solutions contained stoichiometric ratios of protein to peptide, with a CaM concentration of 7.3 mg/ml and 2 mM EDTA. The Ca 2ϩ -CaM plus peptide solutions also contained stoichiometric ratios of protein to peptide, with a CaM concentration of 7.3 mg/ml and 10 equivalents of Ca 2ϩ . In the case of PGD, which binds CaM in a ratio of 2:1 peptide to protein, two and three equivalents of peptide were also added to Ca 2ϩ -CaM. The solutions containing CaD and PGD peptides also contained 1 mM dithiothreitol to prevent oxidation of the cysteine residues in these peptides. Samples were also prepared that contained two different CaD peptides; one equivalent of each CaD peptide and one equivalent of CaM. Solutions of apo-CaM and Ca 2ϩ -CaM were prepared as above but without the addition of peptides. The TR1C and TR2C fragments were dissolved in 100 mM Tris-HCl, 100 mM KCl to a concentration of 8.5 mg/ml, pH 7.4. The apo samples contained 2 mM EDTA, whereas the Ca 2ϩ samples contained ten equivalents of CaCl 2 . Apo and Ca 2ϩ samples with one equivalent of each fragment were also prepared, as were solutions with one equivalent of CaMKI peptide in the presence of both fragments. As in static light scattering, samples were passed through a 0.02-m, 13-mm Whatman anodisc filter, loading 12 L into a quartz cuvette, then placed into the DynaPro MSTC dynamic light scattering instrument. Approximately 100 measurements were collected for each of three to four independently prepared samples at 20°C by the DynaPro MSTC instrument. Samples that were not passed through the 0.02-m filter or which contained remaining dust particles resulted in large fluctuations in the instrument readings, and it was not possible to collect useful data for such samples. Such measurements were repeated with samples providing stable measurements. Thus the influence of dust as a contributing factor to the radius of the sample was assumed to be negligible. The data was analyzed to obtain the hydrodynamic radius (R H ) values for each sample. The standard deviations for the radii were calculated, and are an error estimate of the hydrodynamic radius of the molecule in solution, based on multiple samples. The reported R H values are the mean size of the dominant peak.
Static light scattering data analysis
Static light scattering is based on the principle of Rayleigh light scattering, and can be used to obtain a weight-averaged molecular weight of the species in solution. The Rayleigh ratio describes the absolute intensity scattered at an angle in excess of the light scattered by the pure solvent, and is described by
where I is intensity (van Holde et al., 1998) , and R() is a function of both R g (radius of gyration) and molecular weight. From Eq. 2, the average molecular weight of the protein or molecule in solution can be determined using a Zimm plot, where KC/R() is plotted against the concentration, C, in mg/ml,
where K ϭ 4 2 n 2 (dn/dc) 2 /N 4 (Murphy, 1997) . The refractive index of the solvent is n, dn/dc is the change in the refractive index with change in concentration, N is Avogadro's number and is the wavelength. P() represents the particle shape factor, Mw is the weight-averaged molecular weight of particles in solution, B is the second viral coefficient, which is a collection of constants including R g , and C is the concentration. As long as the particle size is less than 10% of the wavelength of the incoming radiation, the molecular weight obtained is unaffected by molecular shape.
Dynamic light scattering data analysis
In DLS, a monochromatic beam of light of 827.6 nm illuminates the cuvette containing the sample, and the fluctuation of intensity in the scattered light (microsecond timescale) is detected by the photo diode at 90° (Murphy, 1997) . The position of the particles relative to the detector influences the scattering intensity measured by the detector. In the absence of any applied forces, the change in the position of a particle is determined by the degree of simple Brownian motion. An autocorrelator is used to analyze the fluctuations in scattering by performing Fourier analysis of these fluctuations (van Holde et al., 1998) , giving the normalized first-order autocorrelation function, G(), from which D T is obtained (Murphy, 1997) ,
D T is the translational diffusion coefficient of the molecule and, q ϭ (4n/) sin(/2). The refractive index of the solvent is n, is the scattering angle, and is the wavelength of incident light. It is assumed that particles undergo simple Brownian motion. D T is inversely proportional to the frictional coefficient for any shape, f, which depends on molecular size,
where RT is a measure of thermal energy and N is Avogadro's number. Once D T is known, the hydrodynamic radius (R H ) can be obtained from the Stokes-Einstein equation,
where k B is the Boltzmann constant, T is the temperature in Kelvin, represents the viscosity of the solvent, and R H is the hydrodynamic radius of the average scattering molecule. Thus, DLS is used to obtain an indirect measurement of R H, which is a spherical approximation of the radius of the molecule in solution.
RESULTS AND DISCUSSION
Static and dynamic light scattering of CaM
To ensure that calmodulin was monomeric at the concentrations used throughout this study, a Zimm plot was ob- (Fig. 2) . A molecular weight for CaM of 16.7 was obtained from the Zimm plot, indicating that, in the range of 1.30 -8.39 mg/ml, CaM was monomeric. This result was not unexpected, because Seaton et al., (1985) found that CaM does not exhibit any concentration-dependent aggregation in the 8.7-37.1 mg/ml range for apo-CaM, nor in the 9.1-36.1 mg/ml range for Ca 2ϩ -CaM. The theoretical molecular weight of recombinant CaM is 16.702, and was confirmed for our CaM preparation by electrospray mass spectrometry (data not shown).
Various trends observed using DLS were similar to those obtained in SAXS and NMR studies (Seaton et al., 1985; Vogel, 1994) . DLS results for Ca 2ϩ -CaM show that its hydrodynamic radius (R H ) is 3.0 nm (Table 2) , which corresponds to a diameter of 6.0 nm. This is very similar to the maximum vector length (d max ) obtained by Seaton et al. (1985) of 6.2 nm, using SAXS. The R H obtained for apoCaM by DLS was 2.5 nm (Table 2) , yielding a diameter of 5.0 nm. This is somewhat smaller than the d max of 5.8 nm obtained by Seaton et al. (1985) . The SAXS study indicates a 6.5% difference in overall diameter between Ca 2ϩ -CaM and apo-CaM, whereas a difference of 16.7% was found using DLS. Although the two methods yield similar information, it is important to recall that the d max measured using SAXS is a measure of the maximum distance between two scattering centers of the molecule, whereas the R H obtained using DLS is a spherical approximation of the radius and is obtained via indirect measurement of the radius. This difference in the specific properties measured by the two techniques most likely accounts for the variation in the values obtained. It is also possible that the extent of hydration in CaM differs between Ca 2ϩ and apo-CaM, accounting for the greater difference when using DLS.
DLS of 1:1 Calmodulin-peptide complexes
The binding of the skMLCK and smMLCK peptide to Ca 2ϩ -CaM has been widely accepted as a model for the interaction of Ca 2ϩ -CaM with peptides Meador et al., 1992) . When the skMLCK peptide is bound to Ca 2ϩ -CaM, the elongated CaM structure collapses around the peptide, resulting in a more globular shape (Fig.  1 B) . However, the skMLCK peptide does not induce a change in CaM when Ca 2ϩ is absent. Because the majority of CaM's target proteins are inactive when Ca 2ϩ -CaM is absent (Vogel, 1994) , it is not surprising that the presence of CaM-binding peptides in solution has little effect on the R H of apo-CaM. In contrast, if the peptides bind to and alter the conformation of Ca 2ϩ -CaM in a fashion similar to what is observed for the skMLCK peptide, then significant changes in the R H of Ca 2ϩ -CaM would be expected. Several peptides were studied that bind Ca 2ϩ -CaM in a 1:1 ratio. They are all derived from proteins whose CaMbinding domain is believed to be one contiguous region in the amino acid sequence. Each of these peptides decreased the R H of Ca 2ϩ -CaM by approximately 25% (Table 2) , consistent with a collapse of the elongated dumbbell structure to a more globular form. This includes the skMLCK peptide, which decreased the R H of Ca 2ϩ -CaM from 3.0 to 2.2 nm-a result comparable to the SAXS studies reported by Heidorn et al., (1989) . These indicated that the skMLCK peptide-Ca 2ϩ -CaM complex was 20% smaller than Ca 2ϩ -CaM, compared to a 25% decrease using DLS. The structural collapse of the skMLCK peptide-CaM complex is also clearly evident for the NMR solution structure . The CamKI peptide-complex (R H ϭ 2.2 nm) and the MLN complex (R H ϭ 2.2 nm) also showed significant conformational changes compared to the control (R H ϭ 3.0 nm). These results suggest that the Ca al., 1992). The MLC peptide, the PDE, the constitutive nitric oxide synthase peptide, and the C837S peptide, corresponding to the CaM-binding domain of the simian immunodeficiency virus, all affected the shape of Ca 2ϩ -CaM similarly by decreasing R H by ϳ25%. No correlation was found between the R H of the complexes and either the length of the peptides or the relative positions of hydrophobic anchor residues in the sequence of the peptides. Figure  3 shows representative data for Ca 2ϩ -CaM, PDE in a solution of apo-CaM and the Ca 2ϩ -CaM-PDE complex. For all peptide complexes, it was noted that the width of the major peak was markedly reduced upon peptide binding (compare panel Fig. 3 C to Fig. 3, A and B) . This suggests the formation of a well-defined complex, whereas, for apo-CaM and Ca 2ϩ -CaM, a distribution of R H may exist in solution, in agreement with NMR solution data (Barbato et al., 1992) .
A recent study by Brokx et al. (2001) found that several CaM-binding peptides could be separated into two groups according to the change in heat capacity (⌬Cp) upon complex formation with Ca 2ϩ -CaM. They concluded that certain peptides, such as CaMKI, which exhibited ⌬Cp values around Ϫ3.2 kJ⅐mol Ϫ1 K Ϫ1 , were forming CaM-peptide complexes in the canonical fashion, whereas complexes with ⌬Cp values around Ϫ1.6 kJ⅐mol Ϫ1 K Ϫ1 exemplified interactions between the peptide and primarily the C lobe of Ca 2ϩ -CaM. The latter included the PDE and MLC peptides. Thus, the differences in the amount of decrease in R H exhibited by the binding of the CaMKI peptide to Ca 2ϩ -CaM as compared to the binding of the PDE and MLC peptides, may be due to differing interactions in the formation of the peptide-Ca 2ϩ -CaM complexes.
DLS of Caldesmon-Calmodulin interactions
It has been suggested that CaD may contain two distinct CaM-binding domains, and that these may bind simultaneously to Ca 2ϩ -CaM (Marston et al., 1994; Mezgueldi et al., 1994; Wang et al., 1997; Zhou et al., 1997) . This prediction was investigated using DLS. The peptide corresponding to the first CaM-binding domain of CaD (CaD1) and the peptide corresponding to the second CaM-binding domain of CaD (CaD2A) individually imposed an identical decrease in R H upon binding Ca 2ϩ -CaM (20.0%) ( Table 2 ). This was in contrast to the CaD2B peptide, corresponding to the N-terminal region of the second CaM-binding domain of CaD. CaD2B had a much smaller effect on R H in Ca 2ϩ -CaM (10.0%). The R H (2.7 nm) was almost at the midpoint of Ca 2ϩ -CaM (3.0 nm) and apo-CaM (2.5 nm), suggesting that CaD2B only binds weakly to CaM.
The combination the CaD2B peptide with CaD1 produced a greater decrease in the R H of Ca 2ϩ -CaM than did the CaD2B peptide alone. This combination induced a conformational change similar to what was observed in the 1:1 peptide-Ca 2ϩ -CaM complexes studied ( Table 2 ). The presence of both the CaD1 and the CaD2A peptides with Ca 2ϩ -CaM resulted in an R H value of 2.3 nm, as did the addition of CaD1 and CaD2B to Ca 2ϩ -CaM. These results suggest that both CaM-binding domains of CaD may be binding simultaneously to Ca 2ϩ -CaM to form a collapsed structure. Although results from studies by Zhou et al. (1997) are consistent with this hypothesis, SAXS studies by Krueger et al. (2000) found that CaM remains extended upon binding of CaD peptides containing two CaM binding sites. This discrepancy may be due to the binding of one peptide with two CaM binding sites, as in the SAXS study, versus the binding of two separate peptides to CaM, as in the DLS study. The presence of only one peptide extending both CaM binding sites may hinder the formation of a globular complex, whereas the binding of two separate CaD peptides to Ca 2ϩ -CaM does not. Another inference that can be made from the DLS data is that the CaD2A and CaD1 peptides impart a far greater conformational change on Ca 2ϩ -CaM than does the CaD2B peptide (Table 2 ). This is in agreement with results obtained by Zhou et al., (1997) which indicate a higher binding affinity for CaD2A to CaM than for CaD2B. The greater conformational change associated with these peptides is most likely due to electrostatic interactions between the N-terminal region of CaD2A and acidic CaM residues, as well as hydrophobic interactions between CaD1 and CaM.
1:2 Calmodulin-PGD peptide interactions
Previous work by Yuan and Vogel (1998) has shown that the 26-residue peptide derived from the CaM-binding domain in the C-terminus of PGD is capable of binding Ca 2ϩ -CaM in a 2:1 peptide-protein ratio, which is a novel mode for peptide binding to CaM. The DLS results support this notion (Table 2) , and provide further evidence illustrating the usefulness of DLS as a rapid method for obtaining information regarding the binding of CaM with its targets. The addition of one molar equivalent of the PGD peptide to Ca 2ϩ -CaM had only a minor effect on the R H of Ca 2ϩ -CaM (2.8 versus 3.0 nm for Ca 2ϩ -CaM). However, the addition of up to two equivalents of the PGD peptide to a solution of Ca 2ϩ -CaM apparently completes the formation of the complex and resulted in a dramatic decrease in the width of the major peak in the distribution histogram and the hydrodynamic radius of the complex (Fig. 4) . Again, we suggest that the width of the distribution histogram denotes the spread of the particle sizes about the R H . The binding of the two peptides is believed to be simultaneous (Yuan and Vogel, 1998) , which is consistent with this profile. Although the R H of this complex (2.5 nm) is slightly larger than for Ca 2ϩ -CaM complexed to the other peptides (with the exception of CaD2B), it is likely due to the presence of two PGD peptides bound to Ca 2ϩ -CaM. Despite the five negatively charged residues in the PGD peptide, a 20% decrease in the R H of Ca 2ϩ -CaM was still seen. These residues would be expected to hinder the binding of the peptide to the acidic CaM protein. By comparison, the other peptides that were studied here are all basic in nature. Yuan and Vogel (1998) suggest that ion pairs could be forming at the peptide dimer interface, allowing for the interaction of the hydrophobic portions of the PGD monomers with the Met-rich surfaces of Ca 2ϩ -CaM. The size distribution histograms for PGD binding to CaM (Fig. 4) support this prediction. The distribution in Fig. 4 B suggests the presence of both unbound Ca 2ϩ -CaM and the 2-PGD-Ca 2ϩ -CaM complex in solution, whereas Fig. 4 C clearly indicates the presence of only one species, the 2-PGD-Ca 2ϩ -CaM complex. The addition of a third equivalent of the PGD peptide did not have a significant effect on the complex (Fig. 4 D) . These results clearly indicate that PGD can bind to Ca 2ϩ -CaM in a 2:1 ratio in a rigid, compact globular complex.
Apo-Calmodulin complexes and DLS
The DLS results in Table 2 (apo-CaM plus peptides and apo-CaM plus CaD peptides) indicate that, for all thirteen samples investigated, very little deviation was seen in the R H values for apo-CaM in the presence of a peptide. The R H values in the presence of the peptides were all within Ϯ4% of the apo-CaM control value of 2.5 nm ( Table 2 ). This endorses the hypothesis that most of these peptides are not binding apo-CaM or are only weakly binding but not modifying the conformation of apo-CaM at 100 mM salt concentrations. Yuan et al. (1999b) performed NMR, circular dichroism, and Fourier transfer infrared spectroscopy experiments that demonstrated that the PDE peptide is capable of binding to the C-terminal domain of apo-CaM at physiological salt concentrations as a partial ␣-helix with some ␤-turn structure. They suggested that the C-terminal lobe of the apoCaM peptide complex adopt a partially open conformation, while the N-terminal lobe remains completely closed. The existence of this apo-CaM-PDE peptide complex was recently confirmed by SAXS measurements of the complex (H. Yoshino and H. J. Vogel, unpublished results; see also Izumi et al., 2001) . The results for the PDE peptide, with an R H value of 2.5 when in the presence of apo-CaM, follow the same trend as the other solutions of peptides and apoCaM. Thus binding of the PDE peptide to the C-terminal domain of apo-CaM does not give rise to any large changes in the overall structure of apo-CaM.
Calmodulin fragments TR1C and TR2C
The two domains of CaM can be studied separately by performing DLS measurements on the two CaM fragments TR1C and TR2C, allowing the study of the interaction of the two CaM domains. The N-terminal fragment of CaM, TR1C, consists of amino acids 1-75, whereas TR2C, the C-terminal fragment, encompasses residues 78 -148 of CaM. Various studies (e.g., Vogel et al., 1983 , Thulin et al., 1984 Finn et al., 1993; Fabian et al., 1996) have demonstrated that the secondary and tertiary structures of the two domains of CaM are preserved in TR1C and TR2C, both in the presence and absence of Ca 2ϩ . In the absence of Ca 2ϩ , the two CaM fragments had identical R H values ( Table 3 ). NMR solution studies by Yuan et al. (2001 Yuan et al. ( , 2002 indicate that a globular complex is formed when TR1C and TR2C interact with various peptides in the presence of Ca 2ϩ , although this interaction is not as tight as the one formed with intact Ca 2ϩ -CaM. The DLS results in Table 3 are consistent with the formation of a globular complex between the two CaM fragments and the CaMKI peptide, in the presence of Ca 2ϩ .
CONCLUSION
In conclusion, it is evident that DLS can be used very effectively to obtain information about the size of proteins such as calmodulin, their fragments and their complexes in solution and thus any shape or conformational changes resulting from their binding can be detected. Additionally, this work demonstrates the utility of DLS as a rapid screen for CaM target peptides, and it can be inferred that DLS would work well for other proteins that undergo dramatic conformational changes upon binding of target peptides. Results obtained for apo-CaM, Ca 2ϩ -CaM and skMLCK peptide-Ca 2ϩ -CaM using DLS were closely comparable to those obtained for these samples using SAXS. The new data presented in this work, which extend on the reported SAXS studies, demonstrated that all of the peptides studied induced a globularization of calcium-calmodulin to varying extents, and that none induced a significant change in apoCaM. Collectively, these results are consistent with many previous studies performed using x-ray crystallography, NMR, SAXS, infrared and circular dichroism spectroscopy Meador et al., 1992 Meador et al., , 1993 Zhang et al., 1994a Zhang et al., , 1995b Yuan et al., 1995 Yuan et al., , 1999b , and also offered new insights into the interactions of the peptides with CaM. It was also shown that the two CaM fragments, TR1C and TR2C, do not interact in solution both in the presence and absence of Ca 2ϩ . However, the identical R H resulting from the addition of the CaMKI peptide to either a solution of intact Ca 2ϩ -CaM or to a solution containing Ca 2ϩ , TR1C, and TR2C support the prediction that a globular complex is being formed between the two fragments and the peptide. This has been seen in NMR solution studies of TR1C and TR2C in the presence of different CaM target peptides and Ca 2ϩ (Yuan et al., 2001 (Yuan et al., , 2002 . Clearly, DLS presents itself as a rapid and useful method to screen for and compare the binding of a large number of CaM target peptides. Also, with the addition of information provided by various other techniques such as NMR, fluorescence, infrared, and circular dichroism spectroscopy, DLS can effectively be used to obtain a more complete qualitative picture of how the conformation of CaM changes upon binding to its target proteins or peptides. The result is a more thorough understanding of how CaM activates its targets. SAXS can potentially provide complementary information regarding the size and shape of macromolecules because it provides a measure of the maximum distance between two atoms of the molecule in solution, as opposed to the indirect R H values obtained via DLS (Yoshino et al., 1993; Trewhella, 1997; Trewhella and Krueger, 2002) . Several recent studies have also used DLS to obtain structural and conformational information about other proteins and their complexes (Cruzylo et al., 1997; Yajima et al., 1998; Zarutskie et al., 1999) . The success of DLS in the analysis of CaM-peptide complexes and the wealth of rudimentary structural information that can be obtained make DLS a valuable technique for studies of not only other CaM-target peptide interactions, but for other macromolecules that undergo large-scale conformational changes upon ligand binding.
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